Electrical actuation of liquid droplets at the microscale offers promising applications in the fields of microfluidics and lab-on-a-chip devices. Much prior research has targeted the electrical actuation of electrically conducting liquid droplets; however, the actuation of dielectric droplets has remained relatively unexplored, despite the advantages associated with the use of a dielectric droplet. This paper presents modeling and experimental results on the electrical actuation of dielectric droplets between two flat plates. A first-order analytical model, based on the energy-minimization principle, is developed to estimate the electrical actuation force on a dielectric droplet as it moves between two flat plates. Two versions of this analytical model are benchmarked for their suitability and accuracy against a detailed numerical model. The actuation force prediction is then combined with available semi-analytical expressions for predicting the forces opposing droplet motion to develop a model that predicts transient droplet motion under electrical actuation. Electrical actuation of dielectric droplets is experimentally demonstrated by moving transformer oil droplets between two flat plates under the influence of an actuation voltage. Droplet velocities and their dependence on the plate spacing and the applied voltage are experimentally measured and showed reasonable agreement with predictions from the models developed.
Introduction
Electrical actuation and control of fluid motion at the microscale have significant applications in the areas of microfluidics and lab-on-a-chip devices. Electrical actuation of electrically conducting droplets has received significant research attention over the past decade. Electrowetting (EW) [1] , for example, has been extensively studied [2] [3] [4] [5] [6] [7] as a tool to actuate and control electrically conducting droplets.
Many microelectronics applications, which involve direct contact of the liquid with an electronic component, would require the use of electrically insulating liquids. Insulating liquids are also typically much less corrosive than electrically conducting alternatives. A scaling analysis reveals that the actuation voltage required to move an electrically insulating droplet is significantly higher than that for an electrically conducting droplet. Despite the high voltages, however, the use of insulating liquids is the only viable option for the applications in which electrically conducting liquids may not be used. Very little published work is available on the electrical actuation of dielectric fluid elements. Pellat [8] performed a classic experiment in 1895, which consisted of drawing up a finger of transformer oil between two parallel plates through the application of an electrical voltage. Jones et al [9] demonstrated a rise in the height of a transformer oil finger (between two parallel plates with a separation of 1 mm) upon the application of an ac voltage. No studies in the literature have considered electrical actuation of dielectric fluid droplets.
The study of electrical actuation of dielectric liquid droplets can build upon the extensive research studies available in the field of electrowetting-induced droplet movement. Phenomena which influence EW systems such as contactline friction are also important in dielectric droplet actuation. The actuation forces on an electrically conducting droplet and a dielectric droplet have a common electromechanical origin [9] and can be analyzed using the principle of energy minimization. Additionally, the flow fields in an electrically conducting droplet and a dielectric droplet are expected to be similar. Consequently, much of the knowledge of EWinduced conducting droplet motion can be directly applied to the study of dielectric droplet actuation. Electrowetting has been used to demonstrate droplet actuation [4, 5, [10] [11] [12] [13] [14] [15] [16] and other microfluidic operations such as the formation, mixing and splitting of droplets [17] . There has also been good progress in understanding the physics governing phenomena which influence EW systems, such as contact angle saturation [18] , role of the electrical double layer [19] and dynamics of the three-phase line [20] .
The primary objective of this paper is to obtain the electrical actuation force on a dielectric droplet as it moves between two flat plates using an energy-minimization framework [2, 6, 7, 21] . In the case of the dielectric droplet considered, the electric field lines penetrate into the droplet which significantly increases the complexity of the analysis relative to conducting droplets, since energy storage occurs inside the droplet as well as the dielectric layer. An analytical model is developed to obtain the first-order estimates of the actuation force, and compared to results from a rigorous numerical analysis. The analytical model enables the influence of actuation voltage, droplet geometry and dielectric parameters on the actuation force to be clearly understood. The numerical actuation force model is then combined with semi-empirical expressions [2] for the forces opposing droplet motion to arrive at predictions of the transient motion of a dielectric droplet. A parallel experimental effort is carried out to demonstrate the electrical actuation of a dielectric droplet; the experimental results are also used to validate the models developed in the present work.
Energy-based models for dielectric droplet motion

Representative droplet actuation device
A representative device used for electrical actuation of dielectric droplets is shown in figure 1 and is similar to the configuration used for EW-induced actuation of electrically conducting liquids [2] . It consists of two flat plates separated by a known spacing. An array of electrodes on the bottom plate is used to actuate the droplet. The top plate has a continuous electrode which serves as a ground electrode and ensures complete droplet transition to the actuated electrode [2] . The electrodes on the bottom plate are covered with a dielectric layer which prevents chemical reactions between the ions in the droplet and the metal electrodes. The top plate does not have a dielectric layer which maximizes the electrical actuation force on the droplet [2] . A hydrophobic layer of Teflon is coated on both plates to ensure high initial contact angles.
Analytical model for dielectric droplet actuation force
The energy-minimization framework developed by Bahadur and Garimella [2] for electrically conducting droplets is utilized in the present work; however, the treatment of a dielectric droplet is significantly different because of the capacitive energy stored in the droplet itself. In the case of a dielectric droplet, the capacitive energy storage in the droplet is significant and needs to be accounted for in the energyminimization framework.
The droplet (of radius r) is sandwiched between the two plates with a separation of H as shown in figure 2 . The top plate and the left electrode on the bottom plate are grounded and the right electrode serves as the actuation electrode. The dielectric thickness covering the bottom electrodes is d 1 . The coordinate system to track the leading edge of the droplet is located at the center of the intersection line of the two electrodes on the bottom plate as shown in figure 2 . The droplet is assumed to maintain its circular shape (in plan view) during the transition, and any deformation induced during its movement by contactline friction is neglected. However, the modeling framework developed in the present work can be used to estimate the actuation force for a droplet of any shape.
The actuation force is calculated following the approach of Carnero and Carretero [22] to predict the electrical actuation of a rectangular dielectric slab sliding between the two plates. The actuation force model is based on the knowledge of the change in capacitive energy of the system as the droplet moves to the actuated electrode. This energy storage occurs within the various capacitances associated with the droplet and dielectric layers shown in figure 2. The areas covered by the droplet on the different electrodes (A 1 on the actuated electrode, A 2 on the grounded bottom electrode and A 3 on the top plate) required for calculating these capacitances can be determined from the droplet geometry shown in figure 2(c). capacitance elements, while figure 2(b) shows two dielectric layer capacitance elements and three droplet capacitance elements. The capacitance C ae-te of approach 1 is further subdivided in approach 2. The voltage drops across the capacitive layers can be obtained from a capacitive network analysis of the system. All the capacitances are represented as parallel-plate capacitors (figures 2(a) and (b)) to form the capacitive networks shown in figures 3(a) and (b). The electric field lines in all the parallel-plate capacitors are assumed to be perfectly straight, and fringing effects at the sides are not accounted for in the present model. It is also important to note that the electrostatic energy stored in the filler fluid medium (air) around the droplet is not estimated in the present analytical model. The energy storage in the surrounding air can be neglected when the dielectric constant of the droplet is significantly greater than the dielectric constant of air. The capacitances associated with the first analytical approach above (figure 3(a)) are as follows:
where
In the above equations, k 1 is the dielectric constant of the dielectric layer, d 1 is the dielectric layer thickness, k d is the dielectric constant of the droplet and H is the spacing between the two plates as shown in figure 2(a). x cent A 1 , x cent A 2 and x cent A 3 are the x-coordinates of the centroids of the areas A 1 , A 2 and A 3 , respectively. The equivalent capacitance C eqv (x) can now be expressed as
The total electrostatic energy E(x) of the system can be estimated as
The actuation force acting on the drop during the transition can be estimated as the positive derivative of this energy function as shown by Carnero and Carretero [22] :
In the second analytical approach, the capacitance C ae-te of the first approach is further subdivided into two capacitive elements as shown in figure 3 (b). The first component C ae-te 1 accounts for energy storage in the part of the droplet between the actuated electrode and its corresponding area on the top plate; the electric field lines in this capacitance are assumed to be straight and perpendicular to the plates. The second component C ae-te 2 represents the capacitance between the remaining part of the top plate and the actuated electrode, with the area of the capacitance being the average area of the plates and the plate distance estimated as the centroidal distance between the plates. The two new capacitances introduced in the second approach are given by
The two capacitances described above are in parallel and hence the equivalent capacitance C ae-te can be estimated as
The value of C ae-te is used in equation (10), and E(x) and F act (x) can be calculated using equations (11) and (12) respectively.
Numerical model for droplet actuation force
The analytical modeling above is intended to provide the firstorder predictions of the actuation force on a dielectric droplet. In order to judge the suitability and accuracy of the analysis, a detailed numerical simulation was carried out. The finite element software package ANSYS [23] was used to simulate the electric field and electrostatic energy distribution in the droplet and the dielectric layer. Figure 4 shows a schematic diagram of the simulation domain which consists of a 2 mm diameter droplet between two flat plates with a 3 µm Parylene 1000-1500 V C layer on the bottom plate. Electrical actuation voltages were applied through two actuation electrodes at the bottom of the dielectric layer (shown in the form of boundary conditions in figure 4 ). A zero voltage boundary condition was specified on the left electrode on the bottom plate and the top plate electrodes (figure 4), while the actuation voltage was applied on the right electrode on the bottom plate. The two actuation electrodes on the bottom plate were 3 mm × 3 mm in size and were larger than the droplet to facilitate meshing of the domain. The two actuation electrodes were separated by 50 µm to emulate a practical system. The total capacitive energy of the system E(x) was calculated at multiple discrete points along the transition path of the droplet from the ground electrode to the actuated electrode. A polynomial curve was then fit to these data points to obtain an expression of the energy distribution function E(x). The electrical actuation force F act (x) was then estimated using equation (12) . It may be noted that the capacitive energy estimation in this numerical framework also includes the energy stored in the filler fluid medium which is air in the present application. The analytical model does not account for the energy storage in the filler fluid medium; however, the contribution of the filler fluid is extremely small because of the very low dielectric constant of the air, and this difference between the numerical and analytical models is not significant. Table 1 shows the geometric parameters and material properties used in the analytical and numerical models discussed.
Opposing forces and droplet motion
The dominant forces [2] opposing droplet motion are the shear forces due to the top and bottom plates, the viscous drag exerted by the surrounding air and the contact-line friction. Significant challenges exist in estimating each of these components as described in [2] . However, the present work is not aimed at resolving these challenges, and semiempirical expressions are used to estimate the opposing forces as described in [2] . The differential equation governing droplet motion is then given as
where m is the droplet mass. The opposing forces on the right-hand side of equation (17) are as follows. The first is the viscous force on the droplet due to the top and bottom plates (v is the droplet velocity and µ l is the droplet viscosity). The second is the viscous stress due to the filler fluid, which is estimated by considering the droplet as a rigid body moving through the filler fluid (C is the drag coefficient for a cylinder in cross flow and ρ f is the filler fluid density). The third opposing force is the contact-line friction force, which is assumed to be proportional to the droplet velocity as suggested by Ren et al [24] . ζ is a proportionality coefficient which depends on the droplet-surface combination. The physical properties of transformer oil used in the droplet motion model are listed in table 2. The differential equation (17) was solved using MATHEMATICA [26] to obtain the droplet position and velocity with time. Since a published value for the contactline friction coefficient ζ for transformer oil is not available, a value was chosen that provided the best match to velocity measurements across all the experiments conducted.
Experimental characterization of dielectric droplet movement
Device fabrication
A number of experiments were carried out to benchmark the analytical and numerical models developed in this work. The experiments involved electrical actuation of droplets of transformer oil (DSI Fluids, Tyler, TX) with a dielectric constant of 2.1. Transformer oil has a very high electrical resistivity of 1.3 × 10 14 ohms cm [25] and hence can be considered as a perfectly dielectric liquid. All devices required for experimentation were fabricated in the Birck Nanotechnology Center at Purdue University. Quartz wafers were used as the bottom plates. The actuation electrodes on the bottom plates were made of titanium and were microfabricated using photolithography and wet-etch processes. These electrodes were coated with a Parylene C dielectric layer by a vapor deposition process. The thickness of the Parylene C layer was measured to be 3 µm in the devices used for the experiments. The Parylene C-coated devices were then coated with a hydrophobic Teflon layer of approximately 500Å thickness. This was achieved by spinning a 0.1% solution of Teflon-AF 1600 (DuPont, Wilmington, DE) in FC-77 (3 M, St. Paul, MN) at 1500 RPM for 30 s and a subsequent hard baking process on a hot plate at 95
• C for 45 min. The top plate of the device consisted of an indium tin oxide-coated glass slide (Delta Technologies, Limited, Stillwater, MN), spin coated with Teflon. Different desired spacings between the top and bottom plates were achieved with the use of 25 µm mica spacers (B & M Co., Inc., Flushing, NY).
Characterization of droplet motion
The transformer oil droplets were manually dispensed onto one of the actuation electrodes and were then covered with a top plate, with the spacing between the plates determined by the mica spacers. Two different plate spacings of 300 and 500 µm were selected for experimentation. The droplet was positioned such that there was a finite overlap with the actuated electrode to initiate the droplet transition. High-speed photography was employed to obtain images of the droplet as it moved to the actuated electrode. The images were processed using MATLAB [27] to yield the droplet position and velocity along the transition. The droplet position was estimated as the average of the leading-and trailing-edge positions at every time instant. Figures 5(a)-(c) show representative images of a 2 mm diameter transformer oil droplet at various stages during its transition between electrodes for a plate spacing of 300 µm and an actuation voltage of 1000 V.
Results and discussion
Actuation force on a conducting droplet
The analytical and numerical models developed are first benchmarked by using them to estimate the electrical actuation force on an electrically conducting droplet (with an infinitely large dielectric constant). The predictions are compared with the analytical model of Bahadur and Garimella [2] , which was developed for an electrically conducting droplet. It is noted that for an infinite dielectric constant of the droplet, the expressions resulting from the use of the two analytical approaches developed in this work reduce to the expression for an electrically conducting droplet in [2] . Figure 6 shows the analytical and numerical predictions of the actuation force as a function of the non-dimensional transition distance (normalized using the total transition distance) for an electrically conducting droplet actuated using 50 V. A 1 mm radius droplet with an infinite dielectric constant sandwiched between the two plates with a spacing of 300 µm is considered. The numerical results match the analytical model very well, except at the beginning and end of the droplet transition; this can be attributed to the electric field fringing effect at the ends. These results serve to benchmark the analytical and numerical models developed in this work for use in predicting the actuation force in dielectric droplets. Figure 6 also shows the results of a mesh-independence study for the numerical model. The actuation force variation was less than 1% when the mesh was refined from 60 × 60 × 8 to 75 × 75 × 10, and; therefore, the former mesh was adopted for the predictions in this work.
Actuation force on a dielectric droplet
The actuation force on a dielectric droplet is significantly lower than that on an electrically conducting droplet for a given actuation voltage. Figure 7 shows the actuation force variation with the transition distance for a 2 mm diameter transformer oil droplet moving between the two plates with a spacing of 300 µm at an actuation voltage of 1000 V. The numerical model shows that the actuation force on the droplet exceeds 20 µN for most of the transition distance. Neither of the two analytical approaches replicates the numerical transition force profile; however, the analytical approaches can still provide order-of-magnitude estimates of the actuation force during the transition. The analytical results differ significantly from the numerical predictions at the start of the droplet transition. This is because the analysis predicts the actuation force at the start of the droplet transition predominantly based on the energy storage in the capacitive element C ae-dl (the dielectric layer on the actuated electrode on the bottom plate). This is similar to the case of an electrically conducting droplet; thus, the droplet is effectively being modeled as electrically conducting instead of a dielectric at the start of the transition. In reality, electric-field fringing results in energy storage in the dielectric droplet even at the beginning of the transition. This electric field fringing is captured in the numerical model (but not in the analytical approaches); consequently, the spikes predicted by the analytical approaches at the beginning of the transition are not seen in the numerical result. Another point of interest is that the numerical model predicts a small negative force toward the latter stages of the droplet transition which is a consequence of electric field fringing at the end of the transition. All the actuation force calculations in the remainder of this paper use the numerical model described here. Figure 8 shows the electrical actuation force dependence (using the numerical model) on the droplet dielectric constant for an actuation voltage of 50 V and a plate spacing of 300 µm. Liquids with three different dielectric constants of 80 (ultra pure water), 25 (ethanol) and 2.1 (transformer oil) are considered. These results are compared with the actuation force on an electrically conducting droplet which corresponds to a dielectric constant value of infinity. It is seen that the actuation force varies strongly with the dielectric constant of the droplet. The magnitude of the actuation force on the dielectric droplets is significantly less than on the electrically conducting droplet. Furthermore, it is seen that the actuation force becomes negative near the end of the transition for all the dielectric constants examined.
A brief discussion of the actuation of water droplets is in order here. Ultrapure water with no ionic impurities would behave as a dielectric droplet with the actuation force predicted as per the k d = 80 plot in figure 8 . However, in practice, water droplets attract ionic impurities which increase their electrical conductivity significantly. Thus, typical water droplets in experiments behave like electrically conducting instead of dielectric droplets, with no voltage drop across the droplet. This explains the low voltages at which water droplets have been actuated using electrowetting in numerous studies [4, 5] .
The effect of plate spacing on the electrical actuation force on a 2 mm diameter transformer oil droplet at an actuation voltage of 1000 V is illustrated in figure 9 . Three different plate spacings of 100, 300 and 500 µm were selected. It is seen that the electrical actuation force decreases as the plate spacing increases which is a direct consequence of a reduction in the electric field with an increase in the plate spacing. It is also seen that the position where the transition to a negative force occurs depends on the plate spacing, shifting to the left as the plate spacing is increased. This can be explained directly based on the electric field fringing which increases as the plate spacing is increased. 
Validation against experimental droplet motion measurements
Representative plots of the experimentally observed velocity variation of a dielectric droplet as it transitions to the actuated electrode for two different plate spacings are shown in figure 10 . The experimental velocities were arrived at by measuring the droplet position as a function of time during the transition. Table 3 summarizes the experimentally obtained maximum and average velocities resulting from the experiments with different combinations of plate spacings (300 and 500 µm) and actuation voltages (1000 and 1500 V).
In view of the difficulty in making velocity measurements at the start and end of the droplet transition, all velocity measurements in table 3 consider the droplet motion between 30% and 70% of the total transition distance. The typical magnitude of the dielectric droplet velocities is seen to be on the order of 1 mm s
, which is two orders of magnitude lower than the velocities for electrically conducting droplets [2] . The results shown in table 3 also indicate that the droplet velocities show a strong dependence on the plate spacing (for identical actuation voltage). Higher plate spacing reduces the electric field which decreases the actuation force as shown in figure 9 ; consequently, the droplet velocity is also reduced. The droplet velocity also depends strongly on the actuation voltage which can again be attributed to the dependence of the actuation force on the square of the applied voltage.
As mentioned earlier, the contact-line friction coefficient ζ was selected based on a best fit with the experimental results to be 3 Ns m −2 . It is noted that this value of ζ for transformer oil on Teflon is significantly higher than the value of ζ for water on Teflon (0.04 Ns m −2 ), but is of the same order of magnitude as that of squalene oil (for which ζ ≈ 1 Ns m −2 [28] ). Table 3 shows that there are differences between the measured and predicted velocities; however the extent of the agreement between the measured and predicted velocities is considered satisfactory in view of the limitations in the model as well as the experimental uncertainties. The droplet motion model (equation (17) with the actuation force estimated using the numerical model) in this work does not account for the existence of a threshold voltage for actuation since this phenomenon is not well understood. The experimental threshold voltage was found to be 700 V, and this high value indicates the need for its incorporation into the droplet motion models. The physics influencing contact line friction is also not well understood; the first-order estimation of the contact line friction in the present work is partly responsible for the discrepancies between the numerical and experimental velocities. Other contributions to these discrepancies can be attributed to the uncertainties in the plate spacing, droplet radius, droplet volume and initial droplet placement in the experiments.
Conclusions
A detailed modeling and experimental study of electrically induced actuation of dielectric droplets is presented. Two analytical approaches are developed and benchmarked against a detailed numerical model to arrive at a first-order estimate of the electrical actuation force on a dielectric droplet as it moves between two flat plates. The numerical actuation force prediction is combined with available semi-analytical expressions for the forces opposing droplet motion to develop a model that predicts the transient droplet motion under electrical actuation. The predicted droplet velocities are compared to experimentally measured droplet velocities for a transformer oil droplet moving between two flat plates under an actuation voltage. The influence of plate spacing and actuation voltage on the droplet velocities is experimentally determined. It is seen that dielectric droplets require a much higher actuation voltage to initiate the transition as compared to electrically conducting droplets. The measured droplet velocities were also significantly lower than the velocities typically encountered during electrowetting-induced actuation of electrically conducting droplets.
